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DOI: 10.1039/c0jm03721dThe response of the local structure of various types of spinel aluminates, ZnAl2O4 (normal spinel),
MgAl2O4 (partly inverse spinel), and Li0.5Al2.5O4 (fully inverse spinel), to mechanical action through
high-energy milling is investigated by means of 27Al MAS NMR. Due to the ability of this nuclear
spectroscopic technique to probe the local environment of Al nuclei, valuable quantitative insight into
the mechanically induced changes in the spinel structure, such as the local cation disorder and the
deformation of the polyhedron geometry, is obtained. It is revealed that, independent of the ionic
configuration in the initial oxides, the mechanical action tends to randomize cations over the two
non-equivalent cation sublattices provided by the spinel structure. The response of the spinels to
mechanical treatment is found to be accompanied by the formation of a non-uniform core–shell
nanostructure consisting of an ordered crystallite surrounded by a structurally disordered interface/
surface shell region. Based on the comparative NMR studies of the non-treated and mechanically
treated spinels, an attempt is made to separate the surface effects from the bulk effects in spinel
nanoparticles. The non-equilibrium cation distribution and the deformed polyhedra are found to be
confined to the near-surface layers of spinel nanoparticles with the thickness extending up to about 0.7
nm. The cation inversion parameter of the mechanically treated spinel is compared with that of the
non-treated material at non-ambient conditions.Introduction
The energy needed for the activation of chemical reactions is
usually provided by heat, light, or electrical potential. Corre-
spondingly, terms such as thermochemistry, photochemistry, or
electrochemistry are generally common in the chemistry litera-
ture. A fundamentally different way of initiating or accelerating
a chemical reaction is the use of mechanical force (action). It
should be noted that the idea of inducing a reaction by exertingaInstitute of Nanotechnology, Karlsruhe Institute of Technology,
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8332 | J. Mater. Chem., 2011, 21, 8332–8337mechanical action dates back to the end of ninetieth century,
when Carey Lea1 observed the decomposition of silver and
mercuric halides by trituration in a porcelain mortar, although
the same compounds are known to melt or sublime undecom-
posed when heated. These experiments are usually considered the
first systematic investigations on the chemical effects of
mechanical action.‡ In 1919, Ostwald2 introduced the term
mechanochemistry into the literature. Mechanically induced
chemistry thus has a long history and it continues to be of high
importance.3 New aspects of this field have emerged from recent
developments in the nanosciences. With atomic force and scan-
ning tunnelling microscopy techniques, it is meanwhile possible
to manipulate single molecules and to eventually induce chemical
reactions.4
Among structures susceptible to mechanical forces, complex
oxides exhibit a wide range of responses. Especially, oxides with
the spinel structure have been considered as a convenient model
system for the investigation of mechanically induced processes in
ionic systems, because of their structural flexibility providing
a wide range of physical and chemical behaviour.5 Despite their
deceptively simple structure (Fig. 1), many spinel oxides, namely,‡ A more complete list of the papers of Carey Lea was published in:
L. Takacs, Bull. Hist. Chem., 2003, 28, 26; L. Takacs, J. Mater. Sci.,
2004, 39, 4987.
This journal is ª The Royal Society of Chemistry 2011
Fig. 1 The cubic unit cell of spinel oxides consists of 56 ions: 32 anions
and 24 cations, which are distributed over the sites of tetrahedral (A) and
octahedral [B] coordination.
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View Article Online2–3 spinels of the typeM12+M23+2 O4 and 1–3 spinelsM1
1+
0.5M2
3+
2.5O4
(where 2–3 and 1–3 refer to the valences of M1 and M2 cations),
exhibit complex disordering phenomena involving the redistri-
bution of cations over the sites of tetrahedral (A) and octahedral
[B] coordination provided by the spinel structure.6 To emphasize
the site occupancy at the atomic level, the structural formulas
of these materials may be written as (M11lM2l)[M1lM22l]O4
(for 2–3 spinels) and (M11lM2l)[M1l0.5M22.5l]O4 (for 1–3
spinels), where parentheses and square brackets denote (A) and
[B] sites, respectively. The symbol l represents the so-called
degree of inversion defined as the fraction of the (A) sites occu-
pied by trivalent (M23+) cations. For 2–3 spinels, it varies from
l ¼ 0 (normal spinel) to l ¼ 1 (fully inverse spinel), whereas l
takes a value from 0.5 to 1 in the case of 1–3 spinels. The values of
ls ¼ 2/3 and ls ¼ 5/6 correspond to the random arrangement of
cations in 2–3 and 1–3 spinels, respectively.
It is well recognized that properties of nanooxides prepared by
mechanochemical routes are determined to a large extent by the
structure of their interfaces/surfaces.7 Thus, a detailed under-
standing of such ‘‘interface-controlled’’ materials relies on careful
characterization of their local nanostructure. In this article, we
will report on the response of the local structure of various types
of spinels, ZnAl2O4 (normal spinel), MgAl2O4 (partly inverse
spinel), and Li0.5Al2.5O4 (fully inverse spinel), to mechanical
action through high-energy milling. The important impact of the
present work, from the methodology point of view, is the
application of 27Al magic angle spinning (MAS) nuclear magnetic
resonance (NMR), which makes possible observations on a local
atomic scale, and not on a space-averaged scale, as most other
experimental techniques do. Thus, for the first time, quantitative
information is obtained on the local (short-range) structural
disorder induced by mechanical action in the series of related
oxides. In addition, based on the comparative MAS NMR
studies of the non-treated and mechanically treated spinels, an
attempt is made to separate the surface effects from the bulk
effects in oxide nanoparticles.Experimental section
Nanocrystalline spinel aluminates, ZnAl2O4, MgAl2O4, and
Li0.5Al2.5O4, were produced by high-energy milling of theThis journal is ª The Royal Society of Chemistry 2011corresponding bulk oxides (further referred to as the non-treated
materials) in a SPEX 8000 shaker mill (Spex CertiPrep Inc.,
USA) at room temperature. A grinding chamber (50 cm3 in
volume) and a ball (10 mm in diameter) made of zirconia ceramic
were used. The ball-to-powder weight ratio was 10 : 1.
The morphology of powders and the sizes of individual crys-
tallites were studied using a combined field-emission (scanning)
transmission electron microscope (S)TEM (JEOL JEM-2100F)
with a high-resolution pole piece that provides a point resolution
better than 0.19 nm at 200 kV. Prior to TEM investigations,
powders were crushed in a mortar, dispersed in ethanol, and fixed
on a copper-supported carbon grid.
27Al MAS NMR spectra were recorded at room temperature
with a Bruker MSL 400 spectrometer at a spinning rate of 15
kHz. The magnetic field was 9.4 T corresponding to a 27Al
resonance frequency of 104.2 MHz. A spin-echo pulse sequence
was used to acquire the NMR spectra. The repetition time was
typically 60 s and chosen that way fully relaxed spectra were
obtained. The 27Al chemical shifts are referenced to 1 M
Al(NO3)3 aqueous solution. The degree of inversion, l, charac-
terizing the distribution of aluminium cations over the (A) and
[B] spinel sublattices, was calculated from the intensity ratio of
the spectral peaks corresponding to (A)- and [B]-site Al ions,
according to formulas l¼ 2I(A)/(I(A) + I[B]) and l¼ 2.5I(A)/(I(A) +
I[B]) for 2–3 and 1–3 spinels, respectively.Results and discussion
During the high-energy milling process, the spinel aluminates are
subjected to a continuous fragmentation accompanied by the
crystallite size reduction to the nanometer range. The represen-
tative high-resolution TEM micrograph of the milled aluminate
is shown in Fig. 2. It is revealed that for all the oxides under the
present study, the average crystallite size (D) reaches the value of
about 10 nm after a prolonged mechanical treatment (1–2 h). It
can be seen that the nanostructured oxide possesses the so-called
core–shell configuration consisting of structurally ordered
regions (often called nanocrystalline grains or crystallites) sur-
rounded by disordered internal interfaces (grain boundaries)
and/or external surfaces (near-surface layers). The thickness of
the disordered surface shell estimated from the high-resolution
TEM is found to vary from 0.2 to 0.4 nm for MgAl2O4 and
ZnAl2O4, whereas for Li0.5Al2.5O4, it ranges from 0.6 to 0.8 nm
(Fig. 2). Recently, the non-uniform core–shell structure of
nanoparticles has also been reported for mechanosynthesized
ferrites8 and stannates.9
Fig. 3 shows room-temperature 27Al MAS NMR spectra of
ZnAl2O4 milled for various times (tm). The NMR spectra of
ZnAl2O4, independent of the crystallite size, consist of two well-
resolved peaks in the region characteristic of tetrahedrally
coordinated aluminium, Al3+(A), (chemical shift d z 70 ppm)
and octahedrally coordinated aluminium, Al3+[B], (dz 8 ppm).10
Note that, in contrast to the (A)-site spectral component, the [B]-
site subspectrum exhibits two maxima. This is due to an electric
field gradient acting on Al3+[B] nuclei arising from an asymmetric
charge distribution around the [B] site (second-order quadrupole
interaction).11 A tiny peak is visible at about 35 ppm corre-
sponding to a small amount of 5-fold coordinated Al.12J. Mater. Chem., 2011, 21, 8332–8337 | 8333
Fig. 2 High-resolution TEM image of the milled Li0.5Al2.5O4. The core–
shell configuration of nanoparticles with the thickness of the surface shell
of about 0.7 nm is evident. The lattice fringes correspond to the crys-
tallographic plane (311) (d ¼ 2.3847 A˚) of the Li0.5Al2.5O4 phase (JCPDS
PDF 38-1425).
Fig. 3 27Al MAS NMR spectra of ZnAl2O4 milled for various times. The
milling times (tm) and the corresponding crystallite sizes (D) are shown in
the figure. Arrows emphasize the redistribution of the (A) and [B] spectral
intensities. The inset shows the broadening and the increase of the
intensity of the (A) subspectrum.
Fig. 4 27Al MAS NMR spectra of MgAl2O4 milled for various tm.
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View Article OnlineFrom the intensity ratio of the (A) and [B] spectral compo-
nents one can easily deduce quantitative information on the
cation distribution in the material (I(A)/I[B] ¼ l/(2  l)). The
degree of inversion of bulk ZnAl2O4 (D ¼ 97(4) nm) is found to
be lc ¼ 0.02(1). This indicates that the non-treated ZnAl2O4 is an
almost normal spinel with the crystal chemical formula of
(Zn)[Al2]O4. It is clearly visible that mechanical action on8334 | J. Mater. Chem., 2011, 21, 8332–8337ZnAl2O4 results in the redistribution of the intensities of the (A)
and [B] spectral lines, reflecting a decrease of the concentration
of Al3+ cations on [B] sites and, vice versa, an increase of the
population of Al3+ ions on (A) sites. The important observation
is that the degree of inversion of ZnAl2O4 increases mono-
tonically with decreasing D, reaching the value l ¼ 0.12(1) for
crystallites with the size of 9.8(2) nm. Thus, mechanical action on
ZnAl2O4 induces a homogeneous mechanochemical reaction
yielding a non-equilibrium cation distribution. The mechanically
induced redistribution of Al3+ and Zn2+ cations between the two
non-equivalent spinel lattice sites in ZnAl2O4 can be quantita-
tively written as: (Zn0.98Al0.02)[Zn0.02Al1.98]O4 / (Zn0.88Al0.12)
[Zn0.12Al1.88]O4.
The high-resolution 27Al MAS NMR spectra, presented in
Fig. 4, show the mechanically induced evolution of the cation
disorder in MgAl2O4. The degree of inversion of the bulk
MgAl2O4 spinel (D¼ 150(8) nm) is found to be lc ¼ 0.23(1). This
reveals that bulk MgAl2O4 adopts a partly inverse spinel structure
of the type (Mg0.77Al0.23)[Mg0.23Al1.77]O4. It is clearly visible in
Fig. 4 that, similarly as in the case of ZnAl2O4, mechanical action
on MgAl2O4 is accompanied by an increase of the degree of
inversion from lc ¼ 0.23(1) (for D¼ 150(8) nm) to l¼ 0.31(1) for
the nanocrystalline (D ¼ 8.1(3) nm) material. This finding is
consistent with the recent work on nanostructured MgAl2O4,
12
where, apart from the non-equilibrium cation distribution on (A)
and [B] sites, the presence of additional 5- and 3-fold coordinated
cation sites in the near-surface layers of nanoparticles, due to
local structural distortion, has been observed. Quantitatively, the
mechanically induced process of the cation redistribution in
MgAl2O4 can be formulated as (Mg0.77Al0.23)[Mg0.23Al1.77]O4/
(Mg0.69Al0.31)[Mg0.31Al1.69]O4.
It is found that mechanochemical processing of Li0.5Al2.5O4 is,
contrary to ZnAl2O4 and MgAl2O4 spinels, accompanied by
a decrease of the concentration of Al3+ cations on (A) sites and,
consequently, by a decrease of the population of monovalent Li+
cations on [B] sites. This is clearly demonstrated in the MAS
NMR spectra of Li0.5Al2.5O4 milled for various tm (Fig. 5). It can
also be seen that the (A)-site spectral component corresponding
to Li0.5Al2.5O4 exhibits two maxima due to an electric field
gradient experienced by Al nuclei at (A) sites.11 Note that this isThis journal is ª The Royal Society of Chemistry 2011
Fig. 5 27Al MAS NMR spectra of Li0.5Al2.5O4 milled for various tm.
x w ¼ 100[(l  lc)/(ls  lc)]; t ¼ D/2  [(D/2)3(100  w)/100]1/3.
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View Article Onlineopposite to the case of ZnAl2O4 and MgAl2O4 spinels (compare
Fig. 3–5). Moreover, a small shoulder is visible at 73 ppm which
does not belong to the second-order quadrupolar lineshape
around 65 ppm indicating a minor contribution of a second
tetrahedral site. It is revealed that the non-treated Li0.5Al2.5O4
(D¼ 110(5) nm) adopts a fully inverse spinel structure of the type
(Al)[Li0.5Al1.5]O4 (lc ¼ 1.00(1)), whereas the degree of inversion
of nanosized Li0.5Al2.5O4 with D ¼ 9.6(4) nm is found to be l ¼
0.94(1). Thus, the crystal chemical formula emphasizing the site
occupancy at the atomic level for nanocrystalline lithium
aluminate can be written as (Li0.06Al0.94)[Li0.44Al1.56]O4. Thus, it
can be concluded that mechanical action on spinel aluminates,
independent of their ionic configuration in the initial non-treated
state, induces a homogeneous mechanochemical reaction which
tends to randomize cations among (A) and [B] lattice sites.
An interesting observation is that mechanical action on spinel
aluminates brings about both a noticeable broadening and a shift
(towards negative chemical shifts) of the (A) and [B] NMR
spectral lines (see insets of Fig. 3 and 4), implying a change in the
local atomic environments of Al3+(A) and Al3+[B] ions. This
variation may be explained by the presence of deformed AlO6
octahedra and AlO4 tetrahedra in the nanostructured spinel
aluminates.13 This observation is consistent with the results of
previous XRD and M€ossbauer investigations of complex
oxides,5,14 where the mechanically induced cation redistribution
was found to be accompanied by a deformation of polyhedron
geometries.
Taking into account the non-uniform core–shell nanostructure
of the milled aluminates (see Fig. 2), the l values determined by
NMR in the present work can be considered as mean values
reflecting the cation distribution within the whole volume of
spinel nanoparticles, i.e., within their ordered grains and disor-
dered interfaces/surfaces. It was revealed in our work15 that the
major feature of the atomic configuration in the interface/surface
regions of spinel oxides prepared by mechanochemical routes is
a non-equilibrium ionic distribution characterized by the nearly
random arrangement of cations. This is in contrast to the ordered
grains of nanooxides, which were found to exhibit an equilibrium
cation distribution. In other words, considering that grains in theThis journal is ª The Royal Society of Chemistry 2011milled ZnAl2O4, MgAl2O4, and Li0.5Al2.5O4 possess the same
structure as the bulk materials (characterized by the degree of
inversion lc) and that interfaces/surfaces are structurally disor-
dered due to the random distribution of cations (characterized by
ls ¼ 2/3 for 2–3 spinels and ls ¼ 5/6 for 1–3 spinels), the exper-
imentally determined l values can be expressed as l¼ (1  w)lc +
wls, where w is the volume fraction of interfaces/surfaces. Thus,
assuming a spherical shape of the as-prepared ZnAl2O4
MgAl2O4, and Li0.5Al2.5O4 nanoparticles, the volume fraction of
interfaces/surfaces and their thickness (t) can be estimated using
the experimentally determined l, lc and D values.x It can be seen
(Table 1) that the fraction of the structurally disordered inter-
face/surface regions in the spinel nanooxides of comparable
crystallite size (D z 10 nm) ranges from about 16 to 36%. It is
interesting to note that the volume fraction of interfaces/surfaces
(and consequently their thickness) determined from both HR-
TEM and NMR data is about two times larger for MgAl2O4 and
ZnAl2O4 nanomaterials in comparison with w and t values for
nanocrystalline Li0.5Al2.5O4. Assuming that the cation dis-
ordering in the surface shell of nanoparticles occurs at the
moment of impact by the formation of high-energy localized sites
of short lifetime (sometimes called ‘‘hot spots’’ or ‘‘thermal
spikes’’),3 the different thermal properties such as the melting
point, Tm, of the investigated systems (Tm ¼ 2135 C for
MgAl2O4, Tm ¼ 1950 C for ZnAl2O4, Tm ¼ 1290 C for
Li0.5Al2.5O4)
15 can explain this unequal behavior of the alumi-
nates under mechanical treatment. Moreover, various t values
observed for the investigated spinels may also be related to their
different resistivity to mechanical action (to their different
mechanical properties). On average, the volume fraction of
interfaces/surfaces in relatively brittle spinel aluminates is found
to be smaller than that observed in the mechanochemically
prepared spinel ferrites,8,16,17 which are generally more ductile
materials. An interesting observation is that both the non-equi-
librium cation distribution and the deformed polyhedra are
confined only to the near-surface layers of spinel nanoparticles;
the estimated thickness of the interface/surface regions in the
nanocrystalline spinel aluminates extends up to about 0.7 nm.
We note that, in general, 1 nm is a typical thickness of grain
boundary regions in nanostructured mechanosynthesized oxides,
such as MgFe2O4,
16 NiFe2O4,
17 MnFe2O4,
18 Ca2SnO4,
9 and
CaFe2O4,
8 as well as in LiNbO3,
19 where the grain boundaries
were even shown to be amorphous.
Although several mechanisms have been proposed for the
cation redistribution processes occurring during high-energy
milling of spinels, to the best of our knowledge, no conclusive
explanation for the mechanically induced structural disorder in
complex oxides has been given yet. For example, Pavlyukhin
et al.20 suggested that the non-equilibrium cation distribution in
a milled spinel is the result of the shear deformation of the close-
packed anion layers in the h111i direction. High local pressures
acting on a mechanically treated material may cause a mutual
shift of the anion layers in the oxygen sublattice. The investiga-
tions dealing with the pressure-induced structural trans-
formations have demonstrated that a spinel at high pressuresJ. Mater. Chem., 2011, 21, 8332–8337 | 8335
Table 1 The volume fraction of interfaces/surfaces (w) and their average
thickness (t) in nanocrystalline spinel oxides estimated using the experi-
mentally determined mean degree of inversion (l) and the average crys-
tallite diameter (D). It was taken into account that nanosized crystallites
in oxides possess the cation ordered bulk-like structure characterized by
the degree of inversion lc, whereas the interfaces/surfaces are disordered
due to the random distribution of cations (ls)
Spinel D/nm l lc ls w (%) t/nm
ZnAl2O4 9.8(2) 0.12(1) 0.02(1) 2/3 15.5(3) 0.3(1)
MgAl2O4 8.1(3) 0.31(1) 0.23(1) 2/3 18.3(4) 0.3(1)
Li0.5Al2.5O4 9.6(4) 0.94(1) 1.00(1) 5/6 36.0(4) 0.7(1)
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View Article Onlineexhibits a considerable degree of the cation disorder that can be
preserved upon abrupt release of pressure.21
There are further attempts to explain the mechanism of the
mechanically induced cation disorder in spinels in analogy with
the thermally induced inversion occurring at the moment of
impact by the formation of high-energy localized sites of short
lifetime.22 Even though we are aware that it is not feasible to
formally transfer the processes establishing the equilibrium
distribution of cations, taking place during ‘‘thermal activation’’,
to the case of mechanical activation, we compare the cation
inversion parameter observed in the present case for a milled
aluminate with that of the corresponding bulk counterpart at
high temperatures. For example, Redfern et al.23 have shown that
above 1200 K, the degree of inversion of MgAl2O4 increases with
increasing temperature from about 0.22 to 0.30 at 1662 K.
According to these data, the degree of inversion reached in the
nanosized milled MgAl2O4 (l ¼ 0.31) corresponds to that of the
bulk aluminate at about 1700 K.
To conclude, although in the last few years a surge of inves-
tigations in the field of mechanochemistry has resulted in the
preparation of nanosized solids by forcing a system to acquire
metastable and non-equilibrium configurations, it should be
stated that the present mechanochemistry is still in its infancy
and is mostly phenomenologically oriented. The elucidation of
the microscopic mechanism(s) of the mechanically induced
cation redistribution and the determination of the main driving
force for mechanochemical processes in complex oxides belong
to challenges for fundamental research in the field and require
further efforts.Conclusions
Due to the ability of NMR to discriminate between probe nuclei
on the non-equivalent crystallographic sites provided by the
spinel structure, valuable insight into the mechanically induced
cation redistribution and the deformation of the polyhedron
geometry in the spinel aluminates was obtained. It was revealed
that mechanical action on the spinels, independent of their ionic
configuration in the initial bulk state, randomizes cations among
(A) and [B] lattice sites. Thus, for the normal spinel (ZnAl2O4),
the partially inverse spinel (MgAl2O4) as well as for the fully
inverse spinel (Li0.5Al2.5O4), the mechanically induced cation
redistribution was found to be directed towards random
arrangement (ls ¼ 2/3 for 2–3 spinels; ls ¼ 5/6 for 1–3 spinel).
The cation order–disorder process was found to be accompanied
by a deformation of polyhedron geometries. Taking into account8336 | J. Mater. Chem., 2011, 21, 8332–8337the non-uniform core–shell structure of spinel nanoparticles, the
volume fraction of interfaces/surfaces and their thickness were
found to range from about 16 to 36% and from 0.3 to 0.7 nm,
respectively. The mechanically treated spinels are in a far-from-
equilibrium state with the cation disorder corresponding to that
of the bulk counterparts at about 1700 K.Acknowledgements
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